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1.  INTRODt'CnON 


The  microstructure  of  metals  deformed  to  low  strains  (less  than  about  20%)  consists  of  a 
fairly  uniform  network  of  tangled  dislocations.  At  higher  strains,  the  dislocation  arrangement 
changes  to  a more  open  network  in  which  regions  of  high  dislocation  density  surround  regions 
of  much  lower  dislocation  density.  This  dislocation  cell  structure  is  characterisic  of  a recovered 
metal  in  stage  III  hardening. 


I.l  Cell  Formation 

The  reason  for  cell  formation  has  been  treated  theoretically  by  Holt  [1],  who  showed  that 
the  driving  force  for  cell  formation  arises  from  a reduction  in  the  total  elastic  energy  of  the 
dislocations  when  they  cluster  into  cell  walls.  A separate  requirement  for  cell  formation  is  that  the 
dislocations  have  sufficient  mobility  out  of  their  slip  plane.  This  requirement  is  very  dependent 
on  the  thermal-  and  stress-activated  mobility  of  dislocations.  Holt  investigated  the  stability  of  a 
uniformly  dense  distribution  of  dislocations  with  respect  to  spatial  fluctuations  in  dislocation 
density.  (For  convenience,  he  used  an  idealised  distribution  of  parallel  screw  dislocations.)  The 
elastic  energy  of  dislocations  in  an  array  consists  of  two  main  components;  («)  their  self  energy, 
and  {h)  their  interaction  energy  with  other  members  of  the  array.  The  total  self  energy  is 
independent  of  the  dislocation  density  if  the  total  number  of  dislocations  remains  constant; 
thus,  the  only  way  of  reducing  the  total  energy  is  to  reduce  the  interaction  energy  component. 

It  is  assumed  that  the  interaction  energy  for  a dislocation  is  a function  of  the  unmatched 
positive  or  negative  dislocations  in  the  immediate  neighbourhood.  This  assumption  enables 
the  interaction  energy  to  be  calculated  in  terms  of  a small,  cyclic  perturbation  of  dislocation- 
density  (^p).  which  has  the  form 

Ip  X A{^).e\p  fl()i).t.cos 

where  .4(/f)  and  fl(^)  are  functions  of  the  dislocation  distribution,  R is  the  position  in  the  crystal, 
ti  is  the  wave  number  of  the  perturbation  and  i is  time.  The  interaction  energy  is  minimi2ed  by 
growth  of  the  dislocation  density  fluctuation  to  a characteristic  wavelength.  Since  fl(/J)  occurs 
exponentially  in  the  equation  for  Ap,  those  fluctuations  in  the  dislocation  distribution  which 
maximize  Bifi)  grow  fastest,  become  dominant,  and  therefore  determine  the  scale  of  the 
dislocation-density  modulation.  An  expression  for  the  perturbation  wavelength  (A)  that  maximizes 
B{^)  can  be  derived  in  which  A x p-<>-5  where  p is  the  dislocation  density  and  A is  found  to  be 
of  the  same  magnitude  as  the  dislocation-dislocation  interaction  distance.  A result  of  the  density 
modulation  is  the  formation  of  dislocation  cells  of  size  (d)  proportional  to  the  fundamental 
wavelength  A.  provided  that  the  dislocation  mobility  is  sufficient  to  allow  the  lowest  energy 
configuration  to  be  reached. 


1.2  Flow-Stress  Relationships 

An  extension  of  the  expressions  introduced  in  the  previous  section,  using  the  relationship: 

a = a.C./).  p"'* 

yields; 

(T  X G.b.d'^'^ 

where : 

a — flow  stress, 
a = constant. 

G = shear  modulus. 
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b = Burgers  vector, 

P = dislocation  density, 

d = cell  size; 

thereby  relating  flow  stress  to  the  size  of  dislocation  cells. 

Earlier  relationships  linking  flow  stress  and  grain  size  have  been  developed,  one  of  the 
earliest  being  ascribed  to  Hall  [2]  and  Fetch  (3).  It  is  of  the  form  ct  oc^/"  where  — J.  There  is, 
however,  some  uncertainty  as  to  the  value  of  the  exponent  and  the  conditions  under  which  a 
conversion  from  grain  size  to  cell  size  can  be  made  (4,  5].  When  considering  flow  stress  as  a 
function  of  cell  size,  several  workers  [1,6]  support  n = — I,  whereas  in  similar  metals,  n — — I 
is  supported  by  other  workers  [7,  8], 

A comprehensive  study  of  Cu  alloys  by  Hutchison  and  Pascoe  [9]  showed  that  a range  of 
n values  can  be  measured;  however,  at  the  95'’,,  confidence  level,  /;  = — I for  Cu  and  its  alloys. 
More  recent  work,  using  aluminium  [!0],  indicated  a change  in  the  value  of  the  exponent 
depending  on  the  type  of  dislocation  structure  controlling  the  flow  stress  and  the  misfit  angle 
between  grains  and  cells.  It  appears  that  an  exponent  of  -0-5  is  appropriate  for  grains  and  — I 
for  cells,  with  a determining  factor  being  the  effective  mean  free  path  of  a moving  dislocation. 

The  work  reported  here  deals  with  the  formation  of  the  dislocation  microstructure  during 
drawing  at  different  temperatures  and  its  effects  on  the  mechanical  properties  of  the  resulting  wire. 
The  effects  of  recovery  and  recrystallizalion  processes  on  microstructure  are  also  discussed. 
Changes  in  tensile  flow  stresses  are  explained  in  terms  of  these  processes  and  correlations  made 
with  parameters  describing  the  dislocation  substructure. 

2.  EXPERIMENTAL 

High  conductivity  (oxygen-free)  copper  (>99'99‘’„)  wires  were  drawn  from  annealed 
5-7  mm  diameter  rod  to  various  diameters  down  to  0-18  mm,  i.e.  strains  (c)  of  up  to  7.  The 
drawing  speed  was  8-7  mm/s  and  the  strains  per  pass  were  0-25  plus  or  minus  0 01  for  total 
strains  less  than  4-7,  0- 16  plus  or  minus  0 02  for  strains  from  4-8  to  6-4,  and  0-25  plus  or  minus 
0-02  for  strains  from  6-4  to  7.  Colloidal  graphite  was  used  as  a dry  lubricant.  The  temperatures 
of  drawing  were  obtained  as  follows: 

(i)  Liquid  nitrogen  bath  (77K), 

(ii)  Dry-ice  (COj)  in  alcohol  (I96K), 

(iii)  Room  temperature  (293K), 

(iv)  Boiling  water  bath  (373K), 

(v)  Long-nichrome-wound  furnace  (473K). 

Specimens  for  electron  microscopy  were  obtained  by  spark  machining  0-25  mm  thick 
discs  from  wires  that  had  been  copper  electroplated  to  3 mm  diameter.  The  discs  were  then 
profiled,  by  jet  electropolishing  both  sides,  using  10",,  nitric  acid  in  water  at  293K  and  at  a 
potential  of  150V.  The  profiled  discs  were  electropolished  to  perforation  using  30"„  HNO3  in 
methanol  at  243K  and  a potential  of  6V.  The  discs  were  either  examined  immediately  or  were 
stored  in  a vacuum  desiccator  to  prevent  oxidation.  Micrographs  of  sections  along  the  wire  axis 
were  obtained  using  discs  cut  from  wires  that  had  been  clamped  between  glass  slides  before 
electroplating;  this  process  produced  a copper  sheet  with  the  wire  running  down  the  centre  of 
the  sheet.  The  discs  were  examined  in  transmission,  using  a Philips  EM200  electron  microscope 
operating  at  lOOkV. 

Specimens,  approximately  60  mm  long,  were  prepared  for  mechanical  testing  by  painting  a 
40  mm  gauge  length  with  a stopping-off  medium  before  building  up  each  end  with  electroplated 
copper,  for  gripping  in  pin  chucks.  Stress-strain  characteristics  were  calculated  using  load- 
elongation  curves  obtained  on  an  Instron  tensile  testing  machine.  Constant  temperature  baths  were 
used  where  necessary. 

3.  RESULTS 

3.1  Microstructure 

Electron  microscopy  of  transverse  sections  of  wires  showed  that,  at  strains  greater  than 
approximately  0-5,  all  wires  contained  dislocation  cells.  At  low  strains,  the  microstructure 
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consisted  of  very  poorly  defined  areas  of  low  dislocation  density,  in  a matrix  of  slightly  higher 
dislocation  density.  As  the  strain  increased,  the  low  dislocation  density  areas  became  more  defined 
and  the  structure  became  more  clearly  cellular,  with  loose  dislocation  tangles  forming  the  original 
cell  walls.  At  a strain  of  approximately  I -8,  for  temperatures  of  drawing  from  196  to  373K, 
the  structure  consisted  of  large  areas  of  well-defined  cells.  These  cells  were  formed  by  walls  of 
dislocation  tangles  of  higher  dislocation  density  (Figures  1,  2,  3). 

At  higher  strains,  the  cell  walls  became  more  precisely  defined  and  the  dislocation  tangles 
reduced  in  width.  The  rate  at  which  these  changes  occurred  with  strain  was  a function  of 
temperature,  e g.  at  196  and  293K.  there  were  still  areas  of  cells  formed  by  arrays  of  loose  forest 
tangles  at  strains  of  3 1,  whereas  at  373K  this  type  of  cell  system  was  last  observed  at  a strain 
of  about  11,  Wires  drawn  at  473K  (Figure  4)  contained  similar  dislocation  tangles,  but  in  not 
such  regular  arrays  as  tangles  formed  at  lower  temperatures.  Nevertheless,  the  walls,  though 
of  a higher  dislocation  density,  still  had  dislocations  trailing  out  of  them  into  the  cell  body. 

At  all  temperatures  of  deformation  up  to  373K,  lamellar  deformation  twins  were  also 
observed,  the  extent  of  their  occurrence  increasing  as  temperature  decreased.  At  77K,  certain 
regions  contained  such  a high  density  of  twins  (Figure  5)  that  the  dislocation  cell  structure  could 
not  form,  whereas  at  I96K  there  was  a marked  decrease  in  twin  occurrence,  and  at  373K  only 
occasional  twins  were  observed.  No  deformation  twins  were  observed  in  473K  specimens. 

Longitudinal  sections  of  wires  and  sheet  deformed  at  293  and  473K  showed  that  the  cells  were 
elongated  in  the  direction  of  deformation  (Figure  6), 

At  473K,  the  microstructure  exhibited  a general  cell  structure  (Figure  4)  somewhat  different 
from  that  observed  at  lower  temperatures.  At  all  strains  investigated  (from  0-6  to  6-2),  there 
existed  two  quite  distinct  types  of  boundary.  The  first  was  similar  to  those  mentioned  previously, 
and  consisted  of  loose  dislocation  tangles  forming  a cell  boundary  with  dislocations  trailing 
into  the  cell.  The  second  type  of  boundary  was  of  a much  sharper  character  and  appeared  to  be 
a higher  angle  boundary  than  those  for  walls  composed  of  dislocation  tangles;  the  walls  also  had 
fewer  single  dislocations  trailing  from  them.  This  second  type  of  wall  is  very  similar  to  a grain 
boundary  formed  during  recrystallization,  but  on  a much  smaller  scale  than  usual.  The  sharp 
boundaries  formed  a general  grain-type  structure  inside  which  dislocation  tangles  formed  smaller 
cells.  Even  though  the  overall  structure  observed  at  473K  was  not  generally  found  at  lower 
temperatures,  there  was  evidence  that  the  second  type  of  boundary  did  occur  at  lower  temper- 
atures. For  example,  at  I96K  for  strains  above  3.  there  were  regions  in  which  the  second  type 
of  narrow  boundary  was  present  and  bounded  cells  within  which,  either  very  few  dislocations 
were  observed,  or  else  cells  formed  by  dislocation  tangles  occurred  (Figure  l(</)).  At  293  and  373K 
similar  cell  structures  were  found  (Figures  2(t’),  3(tf)). 

3.2  Stability  of  Microstructurc 

The  stability  of  the  dislocation  structure  of  the  deformed  state  is  of  particular  importance 
when  preparing  specimens  from  deformed  material  [II,  12],  To  investigate  the  structural  stability, 
specimens  were  subjected  to  two  types  of  tests,  the  first  being  in-situ  healing  of  foils  in  the  electron 
microscope,  the  second  being  annealing  of  bulk  specimens  at  various  temperatures. 

In-situ  heating  of  thin  foils  of  wire,  deformed  at  temperatures  between  196  and  473K, 
showed  that  the  dislocation  structure  was  surprisingly  stable  until  a certain  temperature  was 
reached,  after  which  recrystallization  rapidly  occurred  and  the  dislocation  networks  were  swept 
away  by  the  advancing  new  grain  boundary.  In  the  copper  foils  studied,  the  temperature  at 
which  this  process  occurred  was  above  8(X)K.  Prior  to  recrystallization,  there  was  very  little 
change  in  the  overall  dislocation  substructure,  thereby  indicating  that,  in  foils  at  least,  one  can 
be  fairly  confident  that  large-scale  dislocation  movement,  which  is  a thermally  activated  process, 
does  not  occur  after  foil  preparation. 

Annealing  bulk  specimens  for  I hour  at  temperatures  below  6(X)K  also  caused  little 
observable  change  in  dislocation  cell  structure.  Above  600K.  cell  disintegration  was  seen  to  occur, 
although  it  would  seem,  by  subgrain  coalescence  [13]  (Figure  7)  rather  than  by  grain-boundary 
migration. 

3.3  Cell  Sire 

As  previously  mentioned,  the  cell  size  is  considered  to  be  an  important  parameter  to  be 
correlated  with  the  mechanical  properties  of  metals,  viz.  flow  stress  and  hardness.  In  this  work. 


the  cell  sizes  have  been  measured  as  a function  of  strain  for  several  temperatures  of  deformation. 

Cell  sizes  were  determined  by  a mean  linear  intercept  method,  using  at  least  3,  and  more 
usually  6,  electron  micrographs  for  each  strain  and  temperature.  The  mean  intercepts  measured 
manually  were,  for  the  196,  293  and  373K  specimens,  compared  with  those  measured  using  a 
Quantimet  Image  Analysing  Computer;  in  most  instances,  the  two  results  were  the  same  within 
e.xperimental  error.  At  373K,  however,  the  manually  estimated  values  were  consistently  below 
the  Quantimet  values  by  approximately  20'’,,,  probably  due  to  a systematic  error.  The  variation 
of  cell  sizes  with  the  strain  and  temperature  of  deformation  (Figure  8)  show  that,  as  the  strain 
increases,  there  is  a decrease  m cell  size,  though  it  appears  that  the  cell  size  approaches  some 
limiting  value  and  is  fairly  constant  above  a strain  of  2.  The  limiting  cell  sizes  for  temperatures 
from  196  to  373K  are  seen  to  lie  between  approximately  0- 19  and  0-24  /xm.  For  a deformation 
temperature  of  473K,  however,  the  cell  size  decreased  initially  but  then  increased  again  after  a 
strain  of  approximately  3.  Another  feature  to  note  is  that,  at  any  given  strain,  the  cell  size  does 
not  follow  a simple  relationship  with  temperature  of  deformation,  e.g.  the  cell  sizes  at  373K  lie 
between  those  for  196K  and  293K. 

3.4  Cell  Size  r.  Flow  ,Stress 

The  dislocation  cell  size  has  often  been  correlated  with  various  mechanical  properties  of 
metals.  In  this  work,  the  cell  size  (J)  was  compared  with  the  ultimate  tensile  stress  (U.T.S.)  of 
wires  measured  at  the  temperature  of  deformation  or  lower.  The  respective  values  of  J and  U.T.S. 
were  obtained  from  the  smoothed  curves  of  best  lit  through  the  appropriate  d v.  strain  and  U.T.S. 
V.  strain  curves,  as  shown  in  Figures  8 and  9.  The  fit  that  is  most  often  attempted  of  these  data  is: 

<7  = <7(1  ■ A' . d'‘ 

where  <7o  is  the  flow  stress  of  a single  crystal  or  a specimen  having  a very  large  cell  size  (assuming 
that  most  of  the  hardening  is  governed  by  the  existence  of  dislocation  tangles  and  cell  formation), 
A and  n are  constants.  Previous  work  [14]  indicates  that  the  flow  stress  at  low  strains,  for 
recrystallized  copper,  is  relatively  independent  of  deformation  temperature  and  is  approximately 
7 MPa  at  a strain  of  0 017,  rising  to  approximately  17-5  MPa  at  a strain  of  0 067.  That  au  is 
relatively  small  is  also  shown  by  Hutchison  and  Pascoe  [15].  Flow-stress  cell-size  relationships 
may  be  obtained  in  two  ways:  either  by  plotting  log  a v.  log  d,  from  which  a direct  measurement 
of  n may  be  obtained  (provided  an  is  negligible)  or,  by  plotting  a v.  </"  (assuming  various  values 
of  n)  and  obtaining  a straight  line  of  best  fit  through  a low  value  of  on.  Both  of  these  plots  were 
made:  the  log  a v.  log  </ curves  are  shown  in  Figure  10.  At  196,  293  and  373K,  the  results  could 
lie  partly  on  straight  lines  for  strains  greater  than  I.  (The  strain  of  I is  probably  that  above  which 
the  cellular  structure  has  been  well-formed  and  is  a dominant  parameter  affecting  flow  stress.) 
The  gradients  of  the  lines  in  Figure  10  are  not  the  same;  approximate  gradients  (and  n values), 
where  the  temperature  of  testing  was  the  same  as  the  temperature  of  deformation,  were  —0-62 
at  196K  and  - Oil  at  293K.  Various  a v.  d”  curves  are  plotted  in  Figure  1 1 ; the  appropriate  n 
for  best  fit  agreed  with  that  obtained  using  log-log  curves. 

The  exponent  n also  varied  if  the  flow  stress  was  measured  at  a temperature  (T)  different 
from  the  deformation  temperature  (Td).  For  Tu  - 293K,  there  was  a decrease  in  n as  T decreased, 
from  n — — 0 - 1 1 at  7"  ^ 293K,  to  /i  = - 0-28  at  T=nK:  also  for  7^/  = 373K,  ii  = —0-15 
at  r = 373K  and  decreased  to  -0-33  at  T = 77K.  For  Td  = 196K,  however,  there  was  no 
change  in  n within  experimental  error. 

For  Td  — 196  and  293K  and  for  the  lower  cell  sizes  (i.e.  higher  strains),  there  was  also  some 
indication  that  the  gradient  on  the  log  a v,  log  d plot  was  becoming  larger  in  magnitude. 

3.5  Internal  Cell  Diameter 

The  results  obtained  using  the  Quantimet  gave  an  estimate  of  the  area  of  the  cross-section 
of  the  wire  occupied  by  dislocation  walls  and  tangles.  In  the  first  instance,  the  ratio  of  4„//4n  was 
obtained,  where  /tu-  is  the  area  of  tangles  and  ztn  is  the  area  of  the  detecting  frame  of  the 
Quantimet.  It  should  be  noted  that  the  cell  diameter  d (as  discussed  above)  is  a mean  linear 
intercept  value,  which  includes  the  dislocation  wall  thickness  (w)  together  with  the  diameter  of 
the  dislocation-free  area  of  a cell  d/. 

Using  the  above  definitions,  the  total  area  of  dislocation-free  regions  is  (/(n  — .4m),  and  the 
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total  number  of  cells  per  detecting  frame  is 

TrJ'-.  approximately 

and, 

i/i  (1  Au  40)“  V.  again  approximately. 

fhe  salues  of  A„  .-tn  for  \arious  deformation  temperatures  were  obtained  as  a function  of 
strain  and  are  shown  in  f igure  12;  also  shown  are  the  standard  deviations  for  each  point,  and  a 
smooth  curve  through  the  points.  .As  seen  above,  the  calculated  value  of  (/,  depends  on  the  measured 
values  of  1/ and  .4,,  .4ii.  the  latter  quantitv  having  a relatively  large  error.  I hereforc,  the  value  of 
J,  is  calculated  both  from  actual  measured  values  of  i/ and  Au  A„  and  also  values  taken  from  the 
smoothed  curves  of  f igures  12  and  S.  Both  these  values  were  plotted  as  a function  of  deformation 
and  incorporated  in  figure  S.  which  shows  that  i/,  tended  to  approach  a limiting  value  more 
rapidiv  than  1/. 

Only  at  2d.tK  is  there  a wide  enough  range  v'f  </,  to  alUwv  a fuliv  delined  log  n r.  log  (/, 
relationship  (figure  ItXh)).  However,  at  IdbK  a relationship  between  log  a and  log  (/<  is  found 
that  is  qualitatively  similar  to  that  at  24.) K.  though  over  a narrower  range  ofiA  values  (f  igure  l(X«)). 
It  is  seen  that  i/(  is  relatively  constant  at  0- 175  0 (M  /<m  while  the  How  stress  (it)  changes  from 
approximately  470  to  (XX)  MPa. 

The  ratio  of  the  area  r'f  cell  interior  ( (r)  to  the  area  of  dislocation  tangles  (.-I,,  ) was  also 
calculated,  figure  l.f  shows  that  this  ratio  increased  fairly  linearly  with  increasing  deformation, 
for  deformation  temix’raiures  between  1%  and  575K.  though  for  2‘),1K  a smooth  curve  was  a 
more  accurate  lit  to  the  points.  VX  hen  .(r  In  is  pU'tted  against  How  stress  (figure  14),  it  is  seen  that 
at  24 .^K  the  How  stress  entered  a region  of  low  work-hardening  rate,  but  the  cell  walls  continued 
to  reline.  A similar  constant  How  stress  was  reached  for  the  deformation  temperature  of  373K. 
but  not  quite  so  clearly : however,  at  I46K  the  How  stress  and  .I,-  .4i,'  continued  to  vary  almost 
linearly. 

4.  DLSd  SSlON 

4.1  Dynamic  Recovery  and  Kecrystalli/ation 

At  all  temperatures,  it  is  seen  that,  upon  deformation  by  drawing,  the  initially  annealed, 
equiaxed  copper  rod  (grain  si/e  28  -2  ^iin)  rapidly  acquires  disloca(ion  tangles  that  delineate  cells 
of  lower  dislocation  density.  As  deformation  continues,  these  cells  reline  and  become  much  more 
delinitc.  The  strain  at  which  the  cell  K'cotnes  clearly  defined  depends  on  the  temperature  of 
deformation;  and  decreases  as  the  temperature  incrtiises.  fhis  dependence  is  characteristic  I'f  a 
thermally  activated  recovery  process,  in  which  dislocations  are  able  to  move  suHiciently  easily 
and  rapidly  that  a cellukir  structure  forms,  as  predicted  theoretically  by  Molt  [l|.  and  shown 
experimentally  by  others  [(v.  16).  fven  though  the  recovered  structure  predominates,  the  second 
type  of  cell  boundary  (section  ,V  I ) observed  (figure  4).  ap|X’ars  to  be  associated  with  much  higher 
angular  misorientations  between  neighbours.  This  higher  misorientation  is  shown  by  the  greater 
contrast  between  neighbouring  cells  than  that  at  lower  strains  (e.g.  figure  2(6)  c.f.  figure  2(i)  and 
figure  l(T/)c.f.  figure  l(<'))  and  also  bv  selected-area  dilVniciion.  fhe  slruciiire  of  the  boundary 
is  also  dilferent.  in  that  the  dislocation  density  ap)X'ars  much  higher  than  for  the  boundaries  which 
first  appear  at  lower  strains. 

The  detinition  of  recovery  , poly  goni/at ion  and  recry  stalli/atimt  has  been  discussed  by  many 
writers  [17,  IS.  14,  20).  In  the  absence  of  further  evidence,  arbitrary  definitions,  e.g.  that  mis- 
orientation between  grains  of  greater  than  5 degrees  indicates  recrystalli/ation,  have  been  used. 
Recry stalli/ation  occurring  during  deformation  is  often  referred  to  as  dynamic  recrystalli/ation. 
Much  work  has  been  done  on  highly  deformed  copper  and  nickel,  tlunigh  usually  at  elevated 
temperatures  and  by  torsion  [21,  22.  2.7).  fhese  torsion  experiments  were  usually  (X'rformed  in 
such  a way  that  the  metal  was  quenched  to  a lower  temperature,  either  immediately  before  or  just 
after  cessation  of  deformation.  Microstructures  observed  after  such  procedures  show  [24[  a vvell- 
dcvelopeil  network  of  tine  equiaxed  grains  subdivided  by  cell  walls.  These  new,  equiaxed  grains 
are  thought  to  arise  by  a process  of  dynamic  recrystalli/ation.  in  which  new  grains  form  during 
deformation,  out  of  a collection  of  dislocation  cells. 
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An  imporiant  ditTcrence  bct'^een  the  !.hapc  of  grains  found  in  copper  deformed  at  I073K  by 
torsion  and  the  cells  or  grains  in  copper  deformed  at  196  to  473K  b>  drawing,  is  that  the  former 
are  equiaxed,  while  the  latter  are  elongated  (figure  6).  The  fact  that  the  drawn  grains  are 
elongated  need  not.  howeser,  preclude  them  from  forming  b\  a recr\stalli/ation  process.  A high- 
xoltage  electron  microscope  studs  of  rolled  copper  b\  Ras  <'f  at.  (2.*']  showed  that  new  grains, 
formed  during  heating,  tend  to  deselop  as  colonies,  or  strings,  of  recr>stalli/ed  grains.  If  a 
recrsstalh/ation  pnscess  is  occurring  during  drawing,  the  new  cells  or  grams  need  not  be  equiaxed 
(as  thes  would  tend  to  be  if  prs'duced  bs  thermal  annealing)  hut  could  be  elongated  ah'iig  the  wire, 
as  has  been  obsersed  ssith  cells  in  extruded  aluminium  rods  (22).  The  elong.ited  grams  apparei'tls 
isccur  because  of  the  ssas  m sshich  the  wire  is  deformed,  .lust  prior  to  the  ssire  entering  the  die. 
most  of  the  mtern.il  energs  is  m the  form  of  thermal  energs  (approximaiels  yRl  ).  plus  the  stored 
deform.ition  energs  obt.imcd  during  the  presious  passes.  During  dr.issing,  the  ssire  diameter  is 
resluced.  ssurk  is  d»'ne  on  the  metal  and  the  internal  energs  rises.  In  high  stackmg-fault-energs 
met.ils  such  as  .iluinmium,  the  .ictis.itism  energs  for  recosers  prs'cesses  is  sullicientls  loss  that 
shnamic  reci'sers  I'ccurs  during  the  sicfi'rm.iiion.  therebs  mamt.immg  the  cellular  microstructure. 
I or  losser  st.icking-fault-energs  metals  such  as  copper,  the  actisation  energs  for  recrsstalli/ation 
IS  similar  to  that  for  reci'sers.  and  m.is  esen  be  losser  |2(i).  I his  result  leads  ts'  the  explanation  that 
dsnamic  recrsstalh/.itis'ii  can  pri'duce  the  micri'siiaictures  Ibrmed  during  hot  ssorkmg. 

In  the  higher  internal  energs  regions  of  the  ssire.  there  ssill  he  certain  drassing  csinditions  of 
temperature,  str.iin  r.ite  and  sts'resi  slefi'rmatn'n  energs.  at  sshich  the  met.il  mas  reduce  its  energs 
bs  dsnamie  recrssialli/.ilion.  rather  than  bs  dsnamic  reci'seis  I he  metal  ii'd.  or  ssire.  etVectiscU 
sees  an  internal  energs  ‘ hi't  spi't"  passing  along  its  length,  simil.ir  ts'  that  during  the  hot  /one 
technique  of  single-crssial  grossing  I he  p.iss.ige  i f this  high  energs  regii'n  along  the  ssire  could 
pri'duce  highls  elongated  ness  grains  as  shi'ssn  m I igure 

The  changes  m internal  energs  s'bsersed  dm  mg  thermal  anne.ilmgofci'pperand  aluminium  (2'j 
indicate  that,  m copper,  oser  90  nf stored  defi'rm.itisin  energs  is  m'l  released  until  reel  Vstalli/at ion 
I'ccurs.  sshereas,  m aluminium  up  ti'  >0  ,.  I'f  the  storeil  energs  is  released  during  the  recosers  stage. 
These  figures  shi'ss  th.it  nii're  stored  energs  is  as.nl.ible  m copper,  than  in  .iluminium,  to  adil  ts' 
the  existing  therm.il  energs.  therebs  .issistmg  recrsstalli/atis'n  during  deformatii'ii  at  lower 
temperatures  m copper  th.m  m .ilummium 

I he  pi'ssibihis  I'f  ilsn.imic  recrssi.illi/.iiis'n  and  ilsnamic  recosers  I'ccurrmg  together  allows 
an  explanatii'n  fi'r  il'c  tsss'  ls|ses  I'f  bs'und.irs  s'bsersed  in  the  elecii'i'ii  micri'graphs  (figures 
I.  2.  .T  4).  Here,  the  sh  irpis  delinesi  bi'unil.iries  are  attributed  to  dsnamic  recrsstalli/ation  and 
the  loose  disis'catis'n-t.mgle  bi'undaries  ts'  dsnamic  recosers.  Rccrsstalli/ation  is  also  more 
likels  as  the  temperature  increases,  thus  explaining  the  increasing  incidence  of  the  sharp  boundaries 
as  deformation  temperature  is  mcre.ised  Recrsstalli/ation  consiiierations  cs'uld  also  explain  the 
increasing  fraction  of  100  texture  m cs'pper,  at  a gisen  strain,  ssith  increasing  deformation 
temperature  [2S].  The  100  texture  arises  fn'in  the  ssell-ds'cumentcd  (29,  .Ml)  pri'perts  of  lace- 
centred-metals  to  rs'crsstalli/e  inis'  the  cuN.'  orientalion. 

I uriher  esidence  eonsisieni  sxith  dsnamic  recrxsialli/ation  s'ceurring  is  pros  idl'd  bx  the  tensile 
stress-strain  curses  s'f  the  drawn  wires,  especial  Is  at  and  47.^K  (.'I ) ( I igure  9),  During  drassing. 
the  ssire  inilialls  cs'iilinues  Is'  sss'rk-hardcn  up  to  a certain  strain,  but  for  each  drawing  strain 
increment  ihere.ifter  the  ssire  softens.  The  Is'i.il  strain  .it  sshich  the  lloss  stress  starts  to  fall  decreases 
as  drassing  lem|H'raluie  increases.  Anals'gous  decreases  in  lloss  stress  iluring  Is'iison  and  extrusion 
of  aluminium,  nickel  and  copjx’r  h.ise  been  explained  in  terms  of  d\  namic  recrsslalli/alion  (21,  2.^]. 

The  strain  to  reach  |X’ak  floss  stress  is  expected  Is'  appri'ximaic  closels  the  critical  strain  at 
sshich  the  stored  energs  is  sullicientls  high  fi'r  the  metal  to  recrsstalli/e  during  deformation. 
.•\s  deformation  prisceeds.  so  also  di'i's  recrssialli/alis'n  and.  due  to  the  requirement  of  compali- 
bilils  of  strains  bcisseen  ailjaceni  regions,  the  oserall  lloss  stress  is  noss  an  aserage  s'ser  the 
specimen  of  all  regions,  ranging  from  nessis  recrsstalli/ed  gr.iins  (ssith  sers  loss  (loss  siressl. 
through  to  defs'rmed  grains  and  cells  (inicrmediale  lli'ss  stress),  to  highls  deformed  cells  that  are  just 
about  to  recrsslalli/e  (maximum  lli'w  stress).  I sentualls  a constant  equilibrium  How  stress  is 
approached.  The  result  of  this  sequence  s'f  esenis  is  consisicnl  with  microstniclural  obsersalions 
(e.g.  figure  4)  where  the  rccrxsialh/ed  grains  cs'iiiain  regions  of  high  dislocation  densits,  together 
ssith  a regular  arras  of  li'i'sc  ss.dled  cells.  Mere,  recrssialli/aiion  could  ns'l  hasc  s'cctirred  after 
drawing,  since  the  cell  structure  inside  the  siefi'rmed  grams  ssould  hase  been  li'si  during  recrsstal- 
li/atis'n  and  replaced  bs  unsir.iined  new  grains  anil  annealing  tssins. 
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These  results  are  consistent  with  the  interpretation  that,  during  detorma;  ’• 
wire  drawing,  there  is  a close  competition  between  dynamic  recovery  and  dynamu  ’ 
and  these  related  processes  occur  concurrently.  Even  at  196K,  there  is  evidence  > . 
grains  formed  by  dynamic  recrystalli/ation,  though  the  bulk  of  the  micr>i'ifuc 
cells  formed  by  dynamic  recovery.  Evidence  of  dynamic  recrysijDj/ain'i' 
temperatures  as  low  as  1%K  has  not  previously  been  reported,  nor  has  the  eli-n. 
the  dyna.nically  recry stalli/ed  grains  (length-to-diameter  ratio  greater  ib  o-  ' 
although  recrystalli/ation  has  been  suggested  after  drawing  at  29.'<K  (1 7) 

4.2  Cell  Size  and  Dislocation  Density 

That  copper  and  other  metals  approach  a limiting  cell  si/e  as  dcl<ani 
(figure  8)  has  also  been  shown  by  other  workers  [6J.  A constant  cell  m/c  indcpcn  ■ 
deformation  can  be  achieved  in  at  least  two  ways.  The  first  is  one  in  which  iht  'i.. 
once  been  formed,  maintain  their  identity  and  slide  over  each  other  during  dc(>'rni  •'  : • 

in  a bundle  (much  akin  to  superplastic  deformation  theories).  This  process  is  hkcl 
activation  energy  to  enable  sliding  to  occur,  since  the  boundaries  are  very  r.-ug. 
with  normal  grain  boundaries.  The  temperatures  are  also  too  low  for  the  nece  -^'  I 
occur  as  with  normal  grain  boundary  sliding  (e.g.  during  superplastic  detorma’.i.a 
process,  leading  to  constant  cell  si/e,  is  one  in  which  a highly  dislocated  sitoci-ir 
during  deformation  and  then  dynamically  recovers  to  form  cells,  as  suggested  b\  M :• 
of  this  mechanism  is  that  each  cell  need  not  continue  as  a dclinite  entity,  from  ime 
pass  to  another,  but  becomes  part  of  a general  tangle  of  dislocations  which  dynamn,  ; 
to  the  cell  structure.  Holt  concludes  that  the  cell  diameter  (d)  is  given  by  the  wavclcns'O 
modulation  of  the  dislocation  density  (p),  and  that  A is  proportional  to  " ■ X basi,. 
of  his  derivation  is  that  the  dislocation  mobility  is  suliicient  for  the  lowest  cnerg.  . -ti- 
to  be  approached,  i.e.  that  the  processes  of  dy  namic  recovery  can  proceed  and  ihc'-.  ‘ 
the  dislocation  structure. 

From  the  results  of  cell  si/e  v.  strain  (Figure  8).  it  can  be  concluded  that  sm. 
cell  si/e  is  reached  at  I96K.  29.AK  and  .A7.AK,  the  dislocations  arc  mobile  enougt'  ' ' 
softening  processes  to  occur.  The  additional  cross-sectional  density  of  dislocation-  n . 
accommodateastrainofO'25(perwiredrawingpass)isat  least  10'^  m nv’andcan  K-  n-i; 
e.g.  when  the  expansion  of  dislocation  loops  is  hindered  by  barriers  or  disl(>caii.'i 
In  copper,  if  the  average  dislocation  moved  through  the  tangle  a distance  of  I vni  'n 
dislocation  density  would  be  approximately  2.I0'‘ m m'’.  However,  after  hcav . d. ' : 
the  dislocation  density  saturates  in  the  region  of  10"’  m m-*  in  most  metals  [.A2|  I hu 
that  the  limtting  dislocation  density  is  probably  a more  relevant  parameter  in  deloimcd 
the  limiting  cell  si/e,  especially  if  recovery  processes  are  operating.  It  is  thcrelorc  like 
a high  dislocation  density  has  been  obtained,  the  number  of  dislocations  availahic  i 
dynamically  is  relatively  independent  of  the  temperature  and  or  total  strain,  in  wfii,.t 
modulation  wavelength  O.)  and  cell  si/e  (d)  will  also  be  relatively  independent  o(  tcmpc’ 
total  strain.  Such  independence  of  increased  dislocation  density  with  temperature  .. 
would  explain  why  the  cell  si/es  at  196,  293  and  373K  come  to  a similar  value  i"  2 
over  a wide  range  of  true  strain,  especially  as  shown  for  196  and  293k  tl  igurc  ^i 

4.3  Flow-Stress  Relati'vnships 

The  variations  of  flow  stress  with  mean  linear  intercept  dimension  iM  I I 
diameter  of  a cell  measured  from  the  centre  of  the  dislocation  wall)  and  the  diameu- 
dislocation-free  zone  (r/,)  (Figure  10)  for  196  to  373K,  can  be  divided  into  three  reg'  ■ 

(i)  low  strain  (unformed  cells  and  or  large  cell  size) 

(ii)  medium  strain  (well-formed  cells) 

(iii)  high  strain  (well-formed)  cells). 

Region  (i),  occurring  for  strains  below  I,  has  a gradient  on  the  log  « i.  log  M I I iui» 

I greater  than  the  gradient  in  region  (ii).  This  difference  is  probably  due  to  the  prcsenve  o!  Ur<, 

I.  dislocation  tangles  and  the  poor  formation  of  cells  at  low  strains.  .As  strain  increase'  .m.; 

tl  become  better  defined,  an  approach  to  a linear  relationship  is  observed  This  linear  rela- 

^ is  consistent  with  a Hall-Petch  type  relationship  although  only  a(  196k  is  the  gradicn.' 
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same  magnitude  as  previousl>  found  [4,  6),  i e n approximately  -0-6.  For  deformation  at  293 
and  373K,  the  gradient  of  the  linear  part  of  the  curve  is  much  lower  {n  approximately  -0-1  to 
— 0-3,  depending  on  the  temperature  of  testing).  The  lower  magnitude  of  n at  higher  deformation 
temperatures  could  be  due  to  the  competing  priKesses  of  dynamic  recovery  and  recrystalli/.ation. 
The  latter  prtKess  will  form  cells  or  new  grains  of  lower  flow  stress,  thus  causing  the  average  flow- 
stress  to  be  lower.  The  lower  flow  stress  will  be  due  not  only  to  any  lower  disIcK'ation  density  in 
the  new  grains,  but  also  to  the  tendency  for  recrystalli/ation  to  form  a <I00>  texture  along  the 
wire  axis  (2«|.  The  grains  of  100  orientation  have  a lower  flow  stress  than  the  cells  or  sub-grains 
of  111  texture,  which  is  the  second  component  of  the  duplex  texture  produced  during  drawing 
of  copper.  (The  dependence  of  n on  the  temperature  of  testing,  for  293K  and  373K  wires,  may 
also  be  due  to  the  presence  of  the  second  type  of  boundary  produced  at  higher  temperatures,  or 
the  increased  “transparency”  of  these  walls  to  other  dislocations  at  higher  temperatures,  especially 
if  penetration  is  a thermally  activated  process.) 

The  third  region  of  interest  in  the  log  a »•.  log  M.L.I.  curve  occurs  when  the  limiting  cell  si/e 
has  been  reached  and  the  flow  stress  continues  to  change.  At  196  and  293K,  the  flow  stress 
increases,  but  at  373  and  473K  the  flow  stress  decreases  (at  373K,  this  decrease  is  not  seen  in 
Figure  I0(<')  but  is  shown  in  Figure  9).  The  continued  change  in  flow  stress  at  limiting  cell  size  is 
thought  to  be  due  to  the  continuing  formation  of  texture  with  continued  deformation  (28,  31.  33]. 
At  196  and  293K.  the  increasing  <111  texture  tends  to  increase  flow  stress,  whereas  at  373  and 
473K,  the  <I00>  texture  increases  with  deformation  and,  as  it  has  a lower  flow  stress  than  <1 1 1> 
orientations,  causes  a decreasing  average  flow  stress.  At  473K,  the  softening  due  to  the  <l()0> 
texture  is  accompanied  by  softening  due  to  the  increasing  cell  size  of  the  recrystallized  grains 
(Figure  8((/)). 

4.4  Changes  in  Thickness  of  Cell  Walls 

A decreasing  fraction  of  the  specimen  is  occupied  by  dislocation  walls  and  tangles  as 
deformation  increases  at  the  three  temperatures  for  which  this  effect  was  studied  (Figure  12). 
There  is  no  evidence  that  the  area  of  cell  walls  or  tangles  (/(«■)  has  reached  a limiting  fraction  of  the 
total  area  (/(»),  even  at  quite  high  strains,  although  the  curve  is  monotonically  decreasing  with 
increasing  strain.  These  changes  indicate  that,  since  the  cell  size  M.L.I.  has  remained  relatively 
constant  over  this  strain  interval,  the  cell  walls  must  be  refining  and  becoming  thinner  as  the 
specimen  is  deformed.  This  conclusion  is  reinforced  by  the  increasing  ratio  of  the  area  of  the  cell 
interior  to  the  area  of  cell  walls  (Ac/A,c)  with  increasing  strain  (Figure  13).  The  linear,  or  near 
linear,  relation  of  AejAw  with  strain  means  that  the  wall  area  is  becoming  a less  significant 
fraction  of  the  total  specimen  cross-sectional  area. 

Using  the  ratio  of  wall  area  to  the  specimen  area,  the  internal  diameter  of  the  cell  can  be 
calculated  and  plotted  as  a function  of  strain  as  shown  in  Figure  8.  The  internal  diameter  tends 
to  a limiting  value  in  a way  similar  to  the  M.L.I.  The  limiting  value  of  the  internal  diameter  (</;) 
occurs  at  a lower  strain  than  for  the  M.L.I.;  in  fact,  at  196  and  373K,  r/(  is  almost  constant  at  all 
strains  investigated.  The  plot  of  log  <t  v.  logr/(  (Figure  10)  therefore  indicates  that  the  flow- 
stress  is  much  less  dependent  on  ilt  than  on  the  overall  M.L.I.  The  three  regions  of  the 
log  a V.  log  M.L.I.,  indicated  in  Section  4.3,  also  occur  in  log  a v.  log  (A  plots,  and  the  same 
reasons  apply  for  their  occurrence. 


5.  CONCLUSIONS 

It  has  been  shown  that  the  dislocation  cells,  which  presumably  result  from  a need  to 
minimize  total  dislocation  free  energy,  reach  a limiting  size  that  is  relatively  independent  of 
strain  and  deformation  temperature.  This  limiting  size  may  be  governed  by  the  limiting  dislwation 
density  observed  in  most  heavily  deformed  metals.  Although  the  cell  size  remains  relatively 
constant  at  high  strains,  the  morphology  of  both  the  cell  walls  and  cell  interiors  continues  to 
change,  in  that  the  volume  of  dislocation  walls  decreases  and  the  cell  interiors  become  increasingly 
free  of  dislocations.  The  rate  at  which  these  changes  occur  increases  at  the  deformation  tem- 
perature increases. 

No  single  parameter  was  found  to  determine  the  flow  stress  at  all  strains.  At  low-  strains,  before 
of  just  after  dislocation  cells  form,  the  dislocation  density  (p)  may  be  measured.  It  has  been  shown 
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(c)  Total  strain  2.0 

(cl)  Total  strain  3.1 

snb- 

(a)  Total  strain  0.6 


(())  Total  strain  3.6 


Dislocation  microstructiire  in  copper  deformed  at  473K.  Transverse  section 
Both  micrographs  show  the  two  types  of  boundary  described  in  section 
those  formed  by  (a)  dislocation  tangles  and  (b)  sharper  higher  angle  boundaries. 
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Fig.  8 Mean  linear  intercept  cell  size  (d)  for  copper  wires  as  a function  of  total  drawing  strain 
(f ).  Standard  deviations  of  the  mean  linear  intercepts  are  also  included. 

Also  shown  are  the  results  obtained  using  the  Quantimet,  together  with  standard  deviations. 

The  diameter  of  the  dislocation-free  cell  interior  (d  ■)  calculated  as  described  in  section  3.5  is  shown 
in  (a|,  (b)  and  (c). 

Fully  shaded  points:  d^  obtained  from  smoothed  curves  of  d vs.  e (this  Figure)  and  Figure  12. 
Unshaded  points:  d obtained  from  direct  analysis  of  electron  micrographs. 

Half-shaded  points:  d obtained  from  Quantimet  analysis  of  electron  micrographs. 
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Fig.  8 cont. 


(c)  Temperature  of  drawing  373K,  I ! 

o d vs.  e . I 


<»  d vs.  e . 


• d’VS.  e. 

' 


I 


Cell  dimension,  d{/im) 


Fig.  8 cont. 
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(d)  Temperature  of  drawing  473K. 
o d vs.  e • 
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Fig.  10  Flow  stress  (a)  v.  cell  size  (d)  (logarithmic  scale)  for  copper  tested  at  temperatures  equal 
to  or  less  than  the  deformation  temperature. 

The  internal  cell  diameter  (d^  is  also  included  as  a function  of  flow  stress  measured  at  the 
drawing  temperature. 

Fully  shaded  points:  cell  dimensions  (d,  d-)  are  obtained  from  smoothed  curves  of  figures  8 and  9. 
Unshaded  points:  cell  dimensions  (d,  d •)  are  obtained  from  direct  analysis  of  electron 
micrographs. 

Half-shaded  points:  cell  dimensions  (d,  d •)  are  obtained  from  Ouantimet  analysis  of 
electron  micrographs. 
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Fig.  10  cont. 

(c)  Temperature  of  deformation  373K, 
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Fig.  lOcont. 
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Fig.  1 1 Flow  stress  (a)  as  a function  of  cell  size  (d)  where  various 
functions  of  d"  have  been  used  as  the  abscissa. 
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g.  11  cont.  (c)  Temperature  of  deformation  373K. 
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Fig,  12  The  ratio  of  dislocation  wall  area  (A..,)  to  total  cross  sectional  area 
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(Ajj)  of  copper  wires  as  a function  of  total  drawing  strain  (e). 

(a)  Temperature  of  drawing  196 K 
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Fig.  12  cont. 

(b)  Temperature  of  drawing  293K 
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Fig.  12  cont. 

(c)  Temperature  of  drawing  373K. 


Area  cell  interior/area  cell  walls,  A^/A 
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Fig.  13  The  ratio  of  area  of  dislocation-free-regions  (A^,)  to  dislocation  wall  area  (A^) 
as  a function  of  total  drawing  strain  (e)  for  three  temperatures  of  drawing. 

Fully  shaded  points:  A^/A^  obtained  using  smoothed  curves  of  Figure  12.  I 


Unshaded  points:  Aj./A^  obtained  using  experimental  results  shown  in  Figure 


Temperatures  of  drawing  and  testing  196K 


RKFKRKNCES 


# 


f 


1.  Moll.  1)  1 . 

J.  Appl.  Plus..  •//.  .3197.  (1970). 

2.  Hall,  f () 

Proc.  Phys.  Soc.  l.ondon.  864.  747,  (1951). 

3 Poich.  N J 

J.  Iron  and  Steel  Inst..  1^4.  25.  (1953). 

4.  Kali>h  H , and 

Met.  I rails.,  6.4,  1319.  ( 1975). 

l e l c\re,  B C'. 

5.  VNinprove,  X.  1 . 

J Inst  Metals.  KK).  313.  (1972). 

6,  Hmbur>.  J 1)  . Kch,  A.  S.. 

Trans.  Met.  Soc  A I M T;..  2i6.  1252.  ( I9(.6). 

and  1 ishcr.  R \1. 

7.  NX'arrinuton,  1) 

Proc  Turopean  Conrercnce  on  Tlectron  Microscopy,  I960. 
Dcllt.  Td.  Houwink  and  Spit. 

8.  l anglord.  Ci..  and 

Met.  Trans..  /.  1478.  (1970). 

C'olien,  M. 

d Hutchison.  \1  \1..  and 

A R.l  . Report.  Met.  85.  September  1971. 

P.iscoc.  R T. 

10,  ! u|ila.  H..  and  Tahaia.  T. 

Acta  Met..  21.  355,  ( 197.3). 

11.  Baile\.  J.  17 

Phil.  Mag..  A.  223.(1963). 

12.  Bailc>.  J.  1'..  and 

Phil.  Mag..  5.  485.  (1960). 

Hirsch.  P B. 

LA  I.i.  J.  ( M. 

J.  Appl.  Plus..  M.  2958.  (1962), 

14.  Bullcn.  1 P.,  and 

Phil.  Mag..  9.  401.  (1964). 

Rollers.  C'.  B 

l.a.  Hutcliisiui,  \1.  M . and 

.1.  Alls).  Inst.  Metals.  14.  .708.  (1969). 

P.iseoc,  R T. 

16.  1 aneCord.  G.,  and 

Met.  Trans..  6,4.  901.  (1975). 

C ohen.  \1. 

P.  C aims.  J H . C'loueh.  J.. 

J.  Inst.  Metals,  W.  97.  (1971). 

I)ewc\,  M.  A.  P..  and 

Niiiiine.  .1. 

IS.  1.1.  J.  C.  M. 

Recry stalli/ation  Cirain  Growth  and  Textures. 

A.S.M,  1966. 

Id.  Calm.  R.  \V. 

Recrystalli/ation  Grain  Cirowth  and  Textures. 

A.S.M.  1966. 

20.  Hu.  H. 

Recovery  and  Recrystalli/ation  of  Metals. 

Td.  Hinimel,  Interscience  1963. 

2 1 . l.ulon,  M.  .1..  and 

Acta  Met..  / A 1033.  (1969). 

Sellars.  C.  M. 

22.  MeOuecn.  H.. 

Acta  Met..  15.  586,  (1967). 

W ong.  V\  . A.,  and 

Jonas.  J.  J. 

2.J.  Hardwick.  I).,  and 

J.  Inst.  Metals.  W).  17,  (1961-62). 

Tegarl.  XV  J.  McG. 

24.  McQueen.  H..  and 

Metal  Science  Journal.  6.  25,  (1972). 

Bergerson.  S. 

2.“;.  Ray.  R.  K.. 

Journal  of  Microscopy.  97,  217.  (1973). 

Hutchinson.  \V.  B.. 

Besag.  P M.  C'..  and 
Smallman.  R.  17 

L.  *- 


26  Tegart,  W.  J.  Vk-G. 


27.  C'larebrDUgh,  L.  M., 
Loretto,  M.  H.,  and 
Hargreaves,  M.  K. 

28.  Nethercotl,  R.  B.,  and 
Coyle.  R.  .A. 

29.  Hutchinson.  V\  . B. 

.70.  Okada,  A.,  Milsuji,  H., 
and  Nakae,  H 
.7).  Neihercoit.  R.  B. 

72.  \'an  Buren.  H.  G. 

77.  Nethercotl,  R.  B. 


Ductility, 

A.S.M.'l967. 

Recovery  and  Recrystalli/ation  of  Metals, 

A.I.M.L.  1967. 

A.R.L.  Report.  Mat.  W,  1975. 

Metal  Science,  fi,  185,  (1974). 

Trans.  Japan  Inst.  Metals,  15,  417,  (1974). 

A.R.L.  Report,  to  be  published. 

Imperfections  In  Crystals, 

North  Holland  I960. 

Proceedings  I.I.W.  1976  and  Metals  Technolog)  Ciinferencc 
Sydney  1976,  page  8-10-1. 


I 


DISTRIBUTION 


Copy  Ni). 


AI'STRAI.IA 


DKPAR  IMKN  I OK  l>KKK.N(  K 


CVnIral  Ofliri' 

C'hior  Dol'eiKv  Scienlisl 
I xcciili\c  ('oiil roller.  A.I).S..S. 

Supcrinleiulent.  ndeiiee  Science  Ailininislrntion 
Derence  1 ibrnry 
,1  I (). 

AssisiaiK  Secretary.  I>.I.S.H. 


.Aeronautical  Research  I .almralories 

Chiel’  Siiperinlemlenl 
Siiperinlenilent.  Materials  Divisiini 
Divisional  l ilc.  Materials  Division 
.Aniltors:  R.  H.  Nethercott 
.1.  A.  Retchloril 

I ibrarv 


Materials  Research  l.almratories 

I ibrarv 


Weapons  Research  K.stahlishinent 
I ibrarv 


.SI  ATi  rORV.  S I A I K AI  I IIORH  IKS  and  INDI  STRN 

Australian  Ati>inic  I iierjiy  C'oniinission  (Director)  N.S.W, 
CSIRO  Central  I ibrarv 

CSIRD  National  Measurement  I aboratory  (Chiel  ) 

CSIRO  I'ribophysics  Division  ( Director) 

Western  Australian  (iovernment  Chemical  I aboratories.  I ibrarv 

HIM’.  Central  Research  laboratories.  N.S.W. 

nil. I’.  Melbourne  Research  laboratories 

Comalco  Research  I aboratories.  Victoria  (Dr.  .1.  I ailv) 

Con/inc  Riotinto  >>1'  .Australia.  Victoria  (Dr.  Worner) 


I'NIVKR.SITIKS  AND  ( OI.I.IKJKS 


.Ailelaiile 

.Australian  National 

llitulers 

.lames  Cook 

I a I robe 

Melbourne 

Monash 


Harr  Smith  I ibrarv 
I ibrarv 
I ibrarv 
I ibrarv 
I ibrarv 

I npineering  I ibrarv 
I ibrarv 

Prol'essor  I.  .1.  I’olmear 
I ibrarv 


I 


A 

4 

5 

0 :i 


s s 

;a 

24 

25 
2b 
27 


2S 


2'* 


.h) 
.)| 
A 2 
At 
A4 
AS 
A(< 
A 7 
AS 


A'» 

4l> 

41 

42 
4 A 
44 
4.S 
4« 
4' 


J 


Newcastle 


New  Entslund  l.ibrur>  4K 

New  South  Wales  Physical  Sciences  Library  4*} 

Professor  M.  Halherly.  School  of  Metallurgy  50 

Quecnslatul  I ibrary  51 

l asinania  I ngmecring  Library  52 

Western  Australia  I ibrary  53 

RMLL  library  54 

( ANADA 

Aliiininiiiin  I aboralt'ries  I iil , I ibrary  55 

I nergs.  Mines  aiul  Resources  Dept..  Physics  and  Metallurgy  Res,  l abs.  5(> 

(Dr  A Williams) 

KHAN<  K. 

D N I R A . I ibrary  57 

SerMce  de  Docuinentalum.  Lechnique  de  I'Aeronautique  5S 

<;^:RMA^^ 

/ I D I 5‘> 

Institute  fiir  .MIgemcine  Metallkunde  iiiul  Metallphysik.  .Aachen  (Prof.  K.  I iicke)  W) 

INDIA 

('  A .A.R.C.  (\>-ordinator  Materials  <>1 

Indian  Instituie  of  Science.  Library  (O 

Indian  Institute  of  Lcchnology.  Library  (i3 

National  .Aeronautical  Laboratory  (Director)  (>4 

.lAPAN 

IMVKRSITIKS 

Osaka.  Professor  11,  I'uiila.  I'aculiy  of  I ngineering  (t5 

I'ohuku  (Sendai)  I ibrary  (>(> 

NK.TUKRI.ANDS 

t'entral  Organization  lor  Applied  .Science  Research  in  the  Netherlands  I NO.  I ibrary  (>7  (>S 
National  .Aerospace  I aboralory  (N.l  .R.)  I ibrary 

NF.W  /.KAI.AND 

Unixersily  of  Canlerbiiry.  I ibrary  "^0 

IMIKI)  kin<;dom 

Australian  Defence  Science  and  Lechnical  Representaiise  71 

Mr.  A R f.  Brown  A D R.  M A L,  (M  l .A.)  72 

C A. A.R.C’..  N.P.I  , (Secretary)  73 

Royal  Aircraft  I'stablishment  I ibrary  . Bedford  74 

Royal  Aircraft  l■stablishnlent  I ibrary.  Larnborough  7*' 

Royal  Armament  Research  and  Desclopment  I st.  Library  7b 

.Ailmirally  Materials  I aborali>ries  (Dr,  R.  O.  Watson)  77 

British  I ibrary.  Science  Reference  I ibrary  7S 

British  library.  Lending  Disision  7*) 

British  Non-l  errous  Metals  .Association  SO 

C entral  I'lectricity  Cienerating  Bi'ard  81 

l ulmer  Research  Institute  Ltd.  (Research  Director)  82 

Metals  .Abstracts  (I  ditor)  83 

Science  Museum  I ibrary  84 


I'MVI-RSiril'S  VNU 

(Ol.lKJK.S 

Depi  of  IMi\ steal  Metalluijjv  aiul  Seienee  nl  Mateiials 
(I’lol'.  R b.  Sinallman) 

S' 

IVpi.  nl  Pliysieal  MelalUiip\  aiul  Seience  nl'  Materials 
ll)r  NN'.  1)  lliilehinsk)nl 

S(. 

Wuslol 

1 ibrarv 

S’ 

t ambiuljic 

1 ibrary.  1 iiytineering  Dept 

ss 

I’lnressni  R.  NN'  K linneyenmix’,  Dept  nl'  Meialliiifiy 

S‘) 

1 1'CiK 

I’rol'essor  .1.  Niillinj;,  Dept,  t'l  Melalliirpy 

‘HI 

NcwimniIc 

Or.  J r.  1 sails.  Dept,  s’t  Melallurjiy 

‘>1 

Noiiiii.uliain 

1 ibrary 

‘i: 

OnI'i'hI 

Or.  I . Ila//leiliiie.  Oept.  ol  Metalhiifty 

SlieHifM 

Or  C.  M Sellars.  Oi-pl  nl  Melallurity 

‘)4 

Siuitluiinplon 

1 ibrary 

‘IS 

SirailK'lyilo 

1 ibrary 

‘>(< 

Sussex 

I’rnressor  R NN  1 aim,  Selu'nl  nl  1 iiftmeeriii)!  aiul  \p|s|ie»l 

SeieiKV 

‘17 

( ruutioki  lnstiiiitc 

of  rivluu'li'i!) 

1 ibrary 

‘IS 

Impel lal  C'olle.ee 

Hie  lleail 

‘O 

I NUKI)  SI  AIKS  OK 

AMKRU  A 

I'lninselU'i  Oeleiiee  Seienee 

UHI 

I'MVKRSniKS  AM) 

( Ol.IKJKS 

(ieor.eia  Instiliite 

IVoressni  R (i  lelesre,  Meialliirjiy  Oept 

101 

t'l'  reeliiu<U'):> 

Snares 

lo:  ii: 

